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ABSTRACT 
 
 
 
 
The aims of this experimental work were to study the influence of operating 
condition on progressive freeze concentration (PFC) of refined, bleached and 
deodorised palm oil (RBDPO) using coil crystalliser and to determine the optimum 
condition based on the response of effective partition constant (K) and triglyceride 
(TG) of olein. The operating condition of circulation flowrate (CF, 2000 to 3000 
mL/min), coolant temperature (CTemp, 24 to 29 ºC), circulation time (CTime, 40 to 60 
minutes), and initial iodine value (IIV, 50 to 55 wijs) could affect the efficiency of 
RBDPO fractionation process where mass and heat transfer study and economic 
analyses were carried out. The results indicated that CF of 2800 mL/min, CTemp of 28 
°C, CTime of 60 minutes, and IIV of 55 wijs gave high value of iodine value (IV) and 
low value of slip melting point (SMP) for olein in the range of 56.97 to 55.84 wijs and 
21.57 to 23.04 °C, respectively. The optimization process found that the operating 
parameter of CF, CTemp and CTime were not significant as indicated by the p value of 
less than 0.05 from the Pareto chart, meanwhile IIV was significant. Furthermore, the 
optimum condition for low K and high olein‟s TG found using software assisted 
response surface methodology (RSM) were in the following range: 2502 to 2537 
mL/min for CF, 26 to 27 °C for CTemp, 53 to 54 minutes for CTime, and 56.8 to 56.9 
wijs for IIV. For energy and cost analysis, it was found that the fractionation of 
RBDPO through PFC is cheaper than the conventional fractionation as it has been 
calculated that the energy usage and production cost for PFC are 0.025465 kW/hr/kg 
and RM0.03/kg of RBDPO respectively. All the analyses supported the objectives of 
this study and gave enough evidence of good performance and quality of olein as well 
as low cost of operation in PFC fractionation. 
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ABSTRAK 
 
 
 
 
Tumpuan kajian ini adalah untuk mengkaji pengaruh keadaan operasi ke atas 
pemekatan pembekuan progresif (PFC) kepada pemeringkatan minyak kelapa sawit 
yang ditapis, diluntur dan dinyahbau (RBDPO) dengan menggunakan penghablur 
lingkararan dan bagi menentukan nilai optimum berdasarkan tindak balas dari pemalar 
pemisahan berkesan (K) dan trigliserida (TG) bagi olein. Keadaan operasi bagi kadar 
aliran (CF, 2000 to 3000 mL/min), suhu penyejuk (CTemp, 24 to 29 ºC), masa edaran 
(CTime, 40 to 60 minutes), and nilai iodin permulaan (IIV, 50 to 55 wijs) boleh 
mempengaruhi kecekapan kepada pemeringkatan RBDPO di mana berat dan 
pemindahan haba serta ekonomi analisa telah dikaji. Hasilnya didapati bagi nilai CF 
pada 2800 mL/min, CTemp pada 28 °C, CTime pada 60 minit dan IIV pada 55 wijs 
memberikan nilai yang tinggi untuk nilai iodine (IV) dan nilai rendah untuk takat lebur 
gelincir (SMP) bagi olein, masing-masing pada julat 56.97 hingga 55.84 wijs dan 21.57 
hingga 23.04 °C. Proses pengoptimuman pula mendapati bahawa parameter CF, 
CTemp dan CTime tidak penting sebagaimana yang ditunjukkan oleh nilai p iaitu 
kurang daripada 0.05 yang diperolehi daripada carta Pareto, manakala IIV adalah 
penting. Sementara itu, nilai optimum untuk K yang rendah dan TG olein yang tinggi 
adalah diperolehi menggunakan perisian kaedah tindakbalas permukann (RSM) adalah 
dalam julat 2502 hingga 2537 mL/min untuk CF, 26 hingga 27 °C untuk CTemp, 53 
hingga 54 minutes untuk CTime, dan 56.8 hingga 56.9 wijs untuk IIV. Bagi tenaga dan 
analisa kos, didapati bahawa sistem PFC adalah lebih murah berbanding sistem 
pemeringkatan konvensional di mana penggunaan tenaga dan kos adalah 0.025465 
kW/hr/kg dan RM0.03/kg of RBDPO, masing-masing. Kesemua keputusan analisis 
yang diperolehi menyokong objektif yang dikaji dan memberikan bukti yang kukuh 
untuk prestasi dan kualiti yang baik untuk olein serta kos operasi yang rendah bagi 
pemeringkatan PFC. 
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CHAPTER 1 
 
 
 
 
1 INTRODUCTION 
 
 
 
 
1.1 Research Background 
 
 
Palm oil is richly edible and an important member of vegetable oil group 
besides coconut oil, palm kernel, or olive oil which are used as raw material in food or 
non-food industries. The oil palms (Elaeis or macaw-fat) are very well-known 
worldwide as a raw material for various products such as soap, frying oil, biodiesel, 
edible fats in the confectionery, powder detergent, ice cream, mayonnaise, pomades, 
candle and etc.  
 
 
Different types of oil can be extracted from the oil palm fruit such as crude 
palm oil, RBD palm oil, palm stearin, palm olein, fractionated palm olein and palm 
mid-fraction. Out of these, Malaysia‟s most exported oil is palm oil and palm olein.  
Globally, Malaysia has the capacity to produce and consistently export best palm oil 
in a large quantity. Oil palms are now grown in tropical countries as an agricultural 
crop due to it is ability to act as a high yielding source of edible and technical oil. 
Most of them with a minimum 1600 mm/year of rainfall, geographically within 10° of 
the equator 
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Palm Oil Research Institute of Malaysia (PORIM) is an institute responsible in 
monitoring and carrying out researches on the quality of palm oil in Malaysia. PORIM 
constantly launch assessment programmes to evaluate and ensure those palm oil 
refiners are capable of producing high quality products and certify them with 
Refiner‟s Certificate of Competency (RCOC). Other than that, Palm Oil Registration 
and Licensing Authority (PORLA) plays a role in ensuring that Malaysia‟s refiner and 
their products fulfil the standards and specifications set. They are also responsible for 
inspections at the port so that the products to be exported satisfied the Palm Oil 
Refiners Association of Malaysia (PORAM) specifications. In the nutshell, Malaysia‟s 
palm oil is globally traded in more defined quality. 
 
 
Future prospect of palm oil developments and demands are highly 
encouraging. There is no doubt that there will be more sectors, especially in Malaysia, 
trying to discover and develop new technologies to enhance the productivity and 
quality of oil at low cost. Moreover, this is supported by the fact that there is 
increasing number of population in major consuming nations, especially in Asia. 
There will absolutely be additional demands and  increase per capita use of edible oil 
of palm oil (Murphy, 2009).     
 
 
Centuries ago, a traditional method is used to separate palm oil component. 
However, in 1960s, the industries tried to apply new simpler techniques of separation 
and yet yielding a better purified products. One of the most important steps in palm oil 
processing is the separation of olein from Refined, Bleached and Deodorized palm oil 
(RBDPO) to produce edible oil that will not solidify at room temperature. 
Conventionally, this process is carried out through fractionation. 
 
 
There are three types of fractionation, which are dry fractionation, detergent 
fractionation, and solvent fractionation. Among these, dry fractionation is the most 
common. It involves crystallisation of olein at its freezing/melting temperature. Dry 
fractionation is comparatively better than the other two. Hence, it is mostly applied in 
Malaysia. Solvent and detergent fractionation require greater capital investments (for 
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particular chemicals) (Hamm, 2005) whereas dry fractionation only requires 
crystalliser, filter and washing unit. However, there is a drawback in dry fractioning in 
which it is relatively inferior in separating process compared to the other two 
techniques.  
 
 
The dry fractionation process resembles another chemical engineering process 
called Suspension Freeze Concentration (SFC). This is one of the freeze concentration 
methods. Generally, SFC is a process of crystallising substance with higher 
melting/freezing point in the mixture, by bringing down the temperature of the 
mixture/solution to the melting point while stirring. This will then leave behind the 
substance with lower melting/freezing temperature in the form of mother liquor and 
the substances of higher melting/freezing point as solid form. 
 
 
 Dry fractionation or SFC system initially starts with Scrape Surface Heat 
Exchanger (SSHE) in crystalliser, producing small crystals. The process continues 
with a crystallisation process using a stirred tank crystalliser. The sample is separated 
into solid and liquid form according to the melting point of olein and stearin which are 
the major component in RBDPO. Then, buffer tank collects those crystals and liquid. 
Next, filtration process starts using filter press and vacuum filter. Finally, the washed 
olein is recycled back to yield highly purified oil and remove the impurities as shown 
in Figure 1.1; 
 
 
Another method of freeze concentration other than SFC is Progressive Freeze 
Concentration (PFC). PFC method is being planned to be an alternative to SFC. It is a 
method in which a single ice will be formed on a cooling plate. Thus, it makes the 
separation of ice crystal from the concentrated raw material much easier than the 
common suspension crystallization method, where smaller ice crystals are formed.  
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Figure 1.1: Dry fractionation of edible oil 
 
 
The advantages of PFC are easier separation of crystal from the mother liquor 
because PFC formed in single solid crystal while SFC formed in small seed crystal. In 
addition, PFC method does not use SSHE to generate the crystal and it can reduce the 
capital cost of the plant process .SSHE itself contribute approximately 30% of capital 
cost investment in the process. SSHE is the most expensive heat exchanger and it is 
compulsory in SFC process.  Different characteristics between SFC and PFC are 
clearly shown in Figure 1.2 below: 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Different characteristic SFC and PFC 
5 
 
1.2 Problem Statement 
 
 
As mentioned earlier, dry fractionation is a method to separate RBDPO 
involving numerous equipment such as SSHE, filter press or vacuum filters and 
washing units. This complicated system is in principle similar to SFC. Although SFC 
can be classified as efficient, the numerous unit operations and SSHE increases the   
capital cost in setting up the facility. 
 
 
The other type of Freeze Concentration process, PFC, produces crystals of the 
liquid with higher melting point (stearin) as a block/layer on cooled surface. The 
formation of the crystal prevents contamination of the lower melting point substances 
(olein) in the crystal lattice, thus ensuring production of high purified olein. The target 
liquor would be circulated on a cooled surface to encourage formation of highly pure 
crystal block/layer.  
 
 
As the crystals are in the form of blocks, the separation from the mother liquor 
would be easier, solely by draining the mother liquor off of the crystalliser. Seeding 
equipment is not needed as the seeding layer could merely be formed by circulating 
the pure substance with higher melting point in the crystalliser prior to the separation 
process. The reduction of operating units reduces the capital cost involved in 
developing such facility.  
 
 
However, the capacity of PFC in replacing SFC is still an undergoing research 
PFC is somehow not yet favourable in the industry because of its slow productivity. 
There are many designs that have been previously developed in PFC, mainly focusing 
on the crystalliser, in order to increase its efficacy. One of them was developed by 
Jusoh et al., (2008a) where their PFC technique uses coil crystalliser as the main 
component for crystallization. 
 
 
6 
 
The main question is whether or not this PFC process could be engaged in 
palm oil fractionation, which has never been investigated before. It is very interesting 
to know whether the designed crystalliser is able to perform a highly efficient 
separation process for olein from RBDPO and to see whether the PFC process is more 
effective to be used in fractionation of olein and stearin. 
 
 
 
 
1.3  Objective of the study 
 
 
 The objective of this research is to reduce the cost of processing and increases 
the quality of olein as edible oil by using PFC, a method to replace the current 
conventional system of dry fractionation, which can be categorized as SFC. It also 
determines the most optimum parameter in PFC system in producing the best quality 
of palm oil out of separation and purification process. The objectives of this research 
are:- 
 
 
i. To study the performance of PFC integrated with a stainless steel coil 
crystalliser for fractionation of RBDPO. 
 
 
ii. To determine the optimum condition for separating RBDPO using this PFC 
method system.  
 
 
iii. To carry out economic analysis of PFC system. 
 
 
iv. To carry out mass and heat transfer analysis of the PFC system of olein or oil. 
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1.4 Scope of Research 
 
 
 In order to achieve the objectives and discover the efficacy of PFC system 
applied in RBDPO fractionation process, these listed scopes have been implemented: 
 
 
i) Performance of  PFC will be evaluated using effective partition coefficient, K, 
and triglyceride (TG) content of olein which are influenced by four 
parameters: circulation flow rate (2000 to 3000 mL/min), circulation time (40 
to 65 min), coolant temperature (24 to 29 °C) and initial iodine value (50 to 55 
wijs) of RBDPO. The optimum condition for PFC can be finalised by response 
surface methodology (RSM) from STATISTICA software using those four 
parameters it will give two readings, which are K value and TG content of 
olein.   
 
 
ii) The economic value will be evaluated by calculating energy utilization or 
energy demand using  ̇            this will interpret the capital investment for 
the processes. 
 
 
iii) General heat transfer coefficient will be calculated by using formula of overall 
heat transfer coefficient Uₒ whereas quality of oil will be measured by iodine 
value (IV), slip melting point (SMP) and TG content of olein. 
 
 
 
 
1.5 Research Contribution 
 
 
 This research will give a positive impact to the separation and purification of 
RBDPO by freeze concentration method. It is because freeze concentration is known 
8 
 
to produce the best product but at a high cost. Further studies show that progressive 
freeze concentration can reduce the cost due to simplified and less of equipment 
required. In this case, Malaysia‟s Palm Oil Industries has the solution on how to get 
high quality products from RBDPO at the lowest cost. In addition, another benefit that 
comes from this research is less usage of thermal energy, and electricity. Hence, this 
process is more environmental-friendly without hazardous chemicals or without waste 
as it will produce the best quality sample. 
 
 
 
 
1.6  Thesis Layout 
 
 
 This thesis has seven chapters. Chapter 1 introduces the background of the 
study which is about palm oil, commercial of the plant and a peak on methods in 
separating and purifying olein and stearin out of Refined, Bleached, and Deodorised 
Palm Oil (RBDPO). Chapter 2 gives an idea about the process of palm oil in general, 
describing new methods which are still under  research, the efficacy of parameter 
proposed, difference between earlier and latest methods,. Chapter 3 describes details 
on the method involved in this research by means of PFC crystalliser and crystallising 
involves production of a high quality oil especially olein and stearin. Meanwhile, 
Chapter 4 describes four parameters, which are circulation flow rate, coolant 
temperature, circulation time and initial iodine value. This chapter also explains the 
result and compares them with result of previous research the. Next,  Chapter 5 
demonstrate 4 parameters used in order to discover the optimum condition for this 
PFC system and the values based on  two responses which are K value and TG content 
of olein. In Chapter 6, mass and heat transfer study, energy consumption, and cost 
analysis would be further explained and support the preference for this system. Last 
but not the least, the conclusion and idea that emerge from this research will be 
mentioned in Chapter 7.  
 
 
 
 
 
REFERENCES 
 
 
Ab Latip, R., Yee, Y. L., Teck, K. T., Eng, T. P., Choon, M. L., Chin, P. T. and Oi, M. 
L. (2013). Palm-Based Diacylglycerol Fat Dry Fractionation:Effect of 
Crystallisation Temperature, Cooling Rate and Agitation Speed on Physical 
and Chemical Properties of Fractionations. 72, 1-15. 
Ahamad, A. L., Ismail, S. and Bhatia, S. (2005). Optimization of Coagulation-
Flocculation Process for Palm Oil Mill Effluent Using Reponse Surface 
Methodology. Environment Science and Technology. 39, 2828-2834. 
Ainie, K., Siew, W. L. and Tan, Y. A. (2004). Test methods-A compendium of test on 
palm kernel products, fatty acids, food related products and others. Malaysian 
Palm Oil Board, Selangor:  
Anderson, M. J. and Whitecomb, P. J. (2005). RSM Simplified Optimizing Processs 
Using Response Surface Methods for Design of Experiments Productivity 
Press. 
Arnaud, E. and Collignan, A. (2008). Chiken Fat Dry Fractionation: Effects of 
Temperature and Time on Crystallization, Filtration and Fractionation 
Properties. European Journal of Lipid Science and Technology. 110, 239-244. 
Azmil Haizam, A. T., Siew, W. L. and Ainie, K. (2008). Palm-based standard 
reference material for iodine value and slip melting point. Analytical 
Chemistry. 3, 127-133. 
Bae, S. K., Miyawaki, O. and Arai, S. (1994). Control of Freezing Front Structure and 
Its Effect on the Concentration-Efficiency in the Progressive Freeze-
Concentration. Japanese Society for Cryobiology and Cryotechnology. 40, 29-
32. 
Baker, R. A. (1967a). Trace Organic Contaminant Concentration by Freezing-ll: 
Inorganic Aqueous Solutions. Water Research. 1, 97-113.  
161 
 
 
Baker, R. A. (1967b). Trance Organic Contaminant Concentration by Freezing-I: Low 
Inorganic Aqueous Solutions Water Research. 3, 717-730. 
Baker, R. A. (1969). Trace Organic Contaminant Concentration by Freezing-lll: Ice 
Washing Water Research. 3, 717=730. 
Baker, R. A. (1970). Trace Organic Contaminant Concentration by Freezing-lV: Ionic 
Effects Water Research. 4, 559-573. 
Basiron, Y. (1996). Palm Oil. In Hui, Y. H. (Ed.), Bailey's Industrial Oil and Fat 
Products. USA: John Wiley & Sons. 
Basiron, Y. (2005). Palm Oil Bailey's Industrial Oil and Fat Products. John Wiley & 
Sons, Inc. 
Bayindirli, L., Özilgen, M. and Ungan, S. (1993). Mathematical Analysis of Freeze 
Concentration of Apple Juice. Journal of Food Engineering. 19 (1), 95-107. 
Bek-Nielsen, B. (1995). Peoduction of High Quality Palm Oil During Harvesting 
Processing, Refining and Shipment The Planter (Vol. 71). Kuala Lumpur. 
Berger, K. (1989a). Crystallization Behavior of Palm Oil. Proceedings of the 1989a 
Proceeding of the 1989 PORIM International Palm Oil Development 
Conference 5-9 September 1989 Kuala Lumpur, Malaysia, 48-59. 
Berger, K., Siew, W. and Oh, F. (1982). Factors Affecting Slip Melting Point of Palm 
Oil Products. Journal of The American Oil Chemists' Society. 59 (5), 244-249. 
Berger, K. G. (1989b). Practical Measures to Minimize Rancidity in Processing and 
Storage Allen, J. C. & Hamilton, R. J. (Eds.), Rancidity in Food (2
nd
 ed)    
Bezerra, M. A., Santelli, R. E., Oliveira, E. P., Villar, L. S. and Escaleira, L. A. 
(2008). Response surface methodology (RSM) as a tool for optimization in 
analytical chemistry. Talanta. 76 (5), 965-977. 
Bonaname, A. and Grundy, S. M. (1988). Effect of Dietary Stearic Acid on Plasma 
Cholesterol and Lipoprotein Levels. New England Journal of Medicine. 318, 
1244-1248. 
Box, G. E. P. and Wilson, K. B. (1951). On the Experimental Attainment of Optimum 
Conditios. Journal of the Royal Statistical Society. Series B (13), 1-45. 
Brown, W. H. and Rogers, E. P. (1987). General, Organic, and Biochemistry. 
Monterey: Brooks/Cole Publishing Company. 
Calliauw, G., Fredrick, E., Gibon, V., Greyt, W. D., Wouters, J., Foubert, I. and 
Dewettinck, K. (2010). On the fractional crystallization of palm olein: Solid 
162 
 
 
solutions and eutectic solidification. Food Research International. 43 (4), 972-
981. 
Calliauw, G., Gibon, V., De Greyt, W., Plees, L., Foubert, I. and Dewettinck, K. 
(2007). Phase Composition During Palm Olein Fractionation and its Effect on 
Soft PMF and Superolein Quality. Journal of The American Oil Chemists' 
Society. 84 (9), 885-891. 
Carley, K. M. and Kamneva, N. Y. (2004). A Network Optimization Approach for 
Improving Organizational Design. School of Computer Science, Institute for 
Software Research International Report CMU-ISRI-04-104.Carnegie Mellon 
University.  
Carley, K. M., Kamneva, N. Y. and J., R. (2004). Responce Surface Methodology (pp. 
1-26): Carnegie Mellon University. 
Ceriani, R. and Meirelles, A. J. A. (2005). Modeling Vaporization Efficiency for 
Steam Refining and Deodorization Industrial & Engineering Chemistry 
Research. 44, 8377-8386. 
Chang, Y. H. and Hartel, R. W. (1997). Flow Properties of Freeze-Concentration 
Skim Milk. Journal of Food Engineering. 31, 375-386. 
Che Man, Y., Haryati, T., Ghazali, H. and Asbi, B. (1999). Composition and Thermal 
Profile of Crude Palm Oil and Its Products. Journal of The American Oil 
Chemists' Society. 76 (2), 237-242. 
Chong, C. L. (Ed.). (1993). Selected Reading On Palm Oil And Its Uses: Palm Oil 
Research Institute of Malaysia (PORIM). 
Chowdhury, S. and Saha, P. D. (2012). Scale-up of a Dye Adsorption Process Using 
Chemically Modified Rise Husk: Optimization Using Response Surface 
Methodology Desalination Water Treatment. 37, 331-336. 
Debnath, S. and Raghavarao, K. S. M. S. (2011). Hydrodynamic, Thermo-Analytical 
and Molecular Structural Investigations of Enzyme Interesterified Oil and Its 
Thermo-Oxidative Stability by Thermogravimetric Analysis. Journal of Food 
Engineering. 105 (4), 671-679. 
Deffense, E. (1985). Fractionation of Palm Oil. Journal of The American Oil 
Chemists' Society. 62 (2), 376-385. 
Deffense, E. (1989). Progres Recents Dans Le Fractionationnementd;Huile De Palme. 
Rev Fra Corps Gras. 36, 479-480. 
163 
 
 
Deshpande, S. S., Bulin, H. R. and Salunkhe, D. K. (1982). Freeze Concentration of 
Fruit Juices. Journal Food Technology. 36, 68-82. 
Dzulkefly, K., Wan Rusmawati, W. M., LIm, W. H., Anuar, K. and Hamdan, S. 
(2001). Effect of Monoglycerol Stearate and Free Fatty Acid on the Melting 
Point of Palm Olein. Malaysia Journal of Analytical Sciences. 7 (1), 93-96. 
Firestone, D. (Ed.). (1998). Offical Method and Recommended Practices of the AOCS. 
Gu, X., Suzuki, T. and Miyawaki, O. (2005). Limiting Partition Coefficient in 
Progressive Freeze-concentration. Journal of Food Science. 70 (9), E546-
E551. 
Gu, X., Watanabe, M., Suzuki, T. and Miyawaki, O. (2008). Limiting Partition 
Coefficient in a Tubular Ice System for Progressive Freeze-concentration. 
Food Science and Technology Research. 14 (3), 249-252. 
Haaland, P. D. (1989). Experimental Design in Biotechnology New York: Marcel 
Dekker Inc. 
Halde, R. (1979). Concentration of Impurities by Progressive Freezing. Water 
Research. 14, 575-580. 
Hamm, W. (1995). Trends in Edible Oil Fractionation. Trends in Food Science &amp; 
Technology. 6 (4), 121-126. 
Hamm, W. (2005). Fractionation Technology   
Harris, J. B., Keulemans, C. N. M., Milton, L. A. and Roest, J. G. (1999). 5,874,599.  
Hartel, R. W. and Espinel, L. A. (1993). Freeze Concentration of Skim Milk. Journal 
of Food Engineering. 20 (2), 101-120. 
Hartley, C. W. S. (1988). The Oil Palm Longman Scientific and Technical. London: 
Tropical Series - Agriculture. 
Holohan, D. R. O. (1997). Malaysia Palm Oil. In Holohan, D. R. O. (Ed.), Malaysia 
Palm Oil. (pp. 104 -114). Seremban: Malaysian Palm Oil Promotion Council. 
Istadi, I. and Amin, N. A. S. (2006). Optimization of Process Parameters and Catalyst 
Composition in Carbon Dioxide Oxidative Coupling of Methane Over CaO-
MnO/CeO2 Catalyst Using Response Surface Methodology Fuel Processing 
Technology. 87, 449-459. 
Jacobsberg, B. and Ho, O. C. (1976). Studies in Palm Oil Crystallization. Journal of 
The American Oil Chemists' Society. 53, 609-617. 
164 
 
 
Jusoh, M., Mohd Yunus, R. and Abu Hassan, A. (2008a). Development of a New 
Crystallisation Chamber for a Progressive Freeze Concentration. Recent 
Advances in Technologies. 33, 588-599. 
Jusoh, M., Mohd Yunus, R. and Abu Hassan, A. (2009). Performance Investigation on 
a New Design for Progressive Freeze Concentration System. Journal Applied 
Sciences. 17, 3171-3175. 
Jusoh, M., Mohd Yunus, R. and Abu Hassan, M. A. (2008b). Effect of Flowrate and 
Coolant Temperature on The Efficiency of Progressive Freeze Concentration 
on Simulated Wastewater. World Academy of Science, Engineering and 
Technology. 47, 75-78. 
Kawamura, K. (1979). Thermal Analysis of Crystallization Behavior in Palm Oil. 
Journal of The American Oil Chemists' Society. 56 (8), 753-758. 
Kawamura, K. (1980). The DSC Thermal Analysis of Crystallization Behavior in 
Palm Oil II. Journal of The American Oil Chemists' Society. 57, 48-52. 
Keshani, S., Luqman Chuah, A., Nourouzi, M. M., Russly, A. R. and Jamilah, B. 
(2010). Optimization of Concentration Process on PomeloFruit Juice Using 
Response Surface Methodology (RSM). International Food Research Journal. 
17, 733-742. 
Knoester, M., De Bruyne, P. and Van den Tempel, M. (1972). The Solid-Liquid 
Equilibrium Binary Mixtures of Triglycerides with Palmitic and Stearic Chains 
Chemical and Physics of Lipid Journal. 9:309. 
Kobayashi, S. and Lee, G. F. (1964). Freeze-Concentration of Dilute Aqueous 
Solutions. Analytical Chemistry. 36 (11), 2197-2198. 
Kramer, H. J. M. and van Rosmalen, G. M. (2000). Crystallization. Delft University 
of Technology, Delft, The Netherlands: Academic Press. 
Lee, W. C., Yusof, S., Hamid, N. S. A. and Baharin, B. S. (2006). Optimizing 
Condition for Enzymatic Clarification of Banana Juice Using Response 
Surface Methodology (RSM). Journal of Food Engineering. 73, 55-63. 
Lemmer, S., Klomp, R., Ruemekorf, R. and Scholz, R. (2001). Preconcentration of 
Wastewater through the Niro Freeze Concentration Process. Chemical 
Engineering & Technology. 24 (5), 485-488. 
Lin, S.-S., Harada, T., Hata, C., Miyawaki, O. and Nakamura, K. (1997). 
Nanofilration Membrane Bioreactor for Continuous Asymmetric Reduction of 
165 
 
 
2-Ketoglutarate to Produce L-Glutama with Nadh Regeneration. Journal of 
Fermentation and Bioengineering. 83, 54-58. 
Longhi, S. and Luddy, F. E. (1987). EP 0081881 B1. Retrieved on from  
Lorain, O., Thiebaud, P., Badorc, E. and Aurelle, Y. (2001). Potential of Freezing in 
Wastewater Treatment: Soluble Pollutant Applications. Water Research. 35 
(2), 541-547. 
Marvey, B. B. (2002). Fats and Oils-Why The Fuss?  , from 
http://www.scienceinafrica.co.za/2002/october/fats.htm 
Matthews, J. S. and Coggeshall, N. D. (1959). Concentration of Impurities from 
Organic Compounds by Progressive Freezing. Analytical Chemistry. 31 (6), 
1124-1125. 
Maycock, J. H. (1992). Palm Oil Refining. Malaysia Oil Science and Technology. 1, 
27. 
Mersmann, A. (Ed.). (1995). Crystallization Technology Hanbook. Germany: Marcel 
Dekker, Inc. 
Mielke, T. (1987). Cost of Production of Oils and Fats. Proceedings of the 1987 
International Oil Palm/Palm Oil Conference, Progress and Prospects Kuala 
Lumpur,  
Miskandar, M. S. and Nor Aini, I. (1999). Properties of Palm Oil Margerine During 
Stearin: Effects of Processing Condition. Malaysia Palm Oil Board. Kuala 
Lumpur.  
Miyawaki, O. (2001). Analysis and Control of Ice Crystal Structure in Frozen Food 
and Their Application to Food Processing. Food Science and Technology 
Research. 7 (1), 1-7. 
Miyawaki, O., Liu, L. and Nakamura, K. (1998). Effective Partition Constant of 
Solute between Ice and Liquid Phases in Progressive Freeze-Concentration. 
Journal of Food Science. 63 (5), 756-758. 
Miyawaki, O., Liu, L., Shirai, Y., Sakashita, S. and Kagitani, K. (2005). Tubular Ice 
System for Scale-Up of Progressive Freeze-Concentration. Journal of Food 
Engineering. 69 (1), 107-113. 
Montgomery, D. M., Opeck, E. A. and Vining, G. G. (2001). Introduction to Linear 
Regression Analysis. In 3rd Edition, J. W. S. (Ed.). New York. 
166 
 
 
Montgomery, L. D., Montgomery, R. W. and Guisado, R. (1995). 
Rheoencephalographic  and Electroencephalographic Measures of Cognitive 
Workload: Analytical Procedure. Biological Psychology. 40, 143-159. 
Morad, N. A., Abdul Aziz, M. K. and Mohd Zin, R. (2006). Process Design in 
Degumming and Bleaching of Palm Oil. Universiti Teknologi Malaysia. 
Muller, J. G. (1967). Freeze Concentration of Food Liquid: Theory, Practice and 
Economics. Journal Food Technology. 21, 49-61. 
Muller, M. and Sekoulov, I. (1992). Waste-Water Reuse by Freeze Concentration with 
a Falling Film Reactor. [Review]. Water Science and Technology. 26 (7-8), 
1475-1482. 
Murphy, D. J. (2009). Oil palm: future prospects for yield and quality improvements. 
Lipid Technology. 21 (11-12), 257-260. 
Mustapha, S., Affendi Mohd, M. S. and Abdul, K. (1996). Study on the Effect of 
Fractionation and Filtration of Palm Oil to Quality Olein & Stearin Produced. 
Paper presented at the The 12th Simposium of Malaysia Chemical Engineers, 
Universiti Kebangsaan Malaysia, Bangi.  
Myers, R. and Montgomery, D. C. (2002). Response Surface Methodology: Process 
and Product Optimization Using Designed Experiment: A Wiley-Interscience 
Publication. 
Myers, R. H., Montgomery, D. C. and Anderson-Cook, C. M. (2009). Response 
Surface Methodology: Process and Product Optimization Using Designed 
Experiments. A Wiley-Interscience Publication. 
Nagendran, B. (1997). Introduction to Production and Processing of Palm Oil. Palm 
Oil Research Institute of Malaysia (PORIM). Agrabad Hotel Chittagong.  
Noh, A., Rajanaidu, N., Kushairi, A., Mohd Rafii, Y., Mohd Din, A., Mohd Isa, Z. A. 
and Saleh, G. (2002). Variability in Fatty Acid Composition, Iodine Value and 
Carotene Content in the MPOB Oil Palm Germplasm Collection from Angola. 
Journal of Oil Palm Research. 14 (2), 18-23. 
Normah, I., Cheow, C. S. and Chong, C. L. (2013). Crystal Habit During 
Crystallization of Palm Oil: Effect of Time and Temperature. International 
Food Research Journal. 20 (1), 417-422. 
OH., F. C. H. (1979). Some Physical Properties of Palm Oil. Selangor, Malaysia: 
PORIM. 
167 
 
 
Omran, A. M. and King, C. J. (1974). Kinetics of Ice Crystallization in Sugar 
Solutions and Fruit Juices. American Institute of Chemical Journal. 20 (4), 
795-803. 
Ong, A. S. H., Boey, P. L. and Ng, C. M. (1983). Fractionation Studies of Palm Oil by 
Density Gradient. Journal of The American Oil Chemists' Society. 60, 1755-
1760. 
Ozisik, M. N. (1985). Heat Transfer: A Basic Approach. Singapore: McGraw-Hill. 
Parra, E. Z. d. l. (2000). Optimization of a Process for the Solvent Fractionation of 
Palm Oil Using a Model Based on Interpolation of Experimental Data. 
Chemical Engineering and Technology. 23 (2), 165-170. 
Pham, Q. T. (2008). Advances in Food Freezing/ Thawing/ Freeze Concentration 
Modelling and Techniques. Japan Journal of Food Engineering. 9 (1), 21-32. 
PORAM. (1981). Technical Brochure: Malaysia Palm Oil Refining Industry: Palm Oil 
Refiners Association of Malaysia. 
Qin, F., Chen, X. D., Ramachandra, S. and Free, K. (2006). Heat Transfer and Power 
Consumption in a Scraped-Surface Heat Exchanger While Freezing Aqueous 
Solutions. Separation and Purification Technology. 48 (2), 150-158. 
Rahman, M. S., Ahmed, M. and Chen, X. D. (2006). Freezing‐Melting Process and 
Desalination: I. Review of the State of the Art. Separation and Purification 
Reviews. 35 (2), 59-96. 
Ramos, F. A., Delgado, J. L., Bautista, E., Morales, A. L. and Duque, C. (2005). 
Changes in Volatiles with the Application of Progressive Freeze-Concentration 
to Andes Berry (Rubus Glaucus Benth). Journal of Food Engineering. 69 (3), 
291-297. 
Rodrigues-Nogales, J. M., Roura, E. and Contreras, E. (2005). Biosynthesis of Ethyl 
Butyrate Using Immobilized Lipase: a Statical Approach Process 
Biochemistry. 40, 63-68. 
Rodríguez, M., Luque, S., Alvarez, J. and Coca, J. (2000). A Comparative Study of 
Reverse Osmosis and Freeze Concentration for the Removal of Valeric Acid 
from Wastewaters. Desalination. 127 (1), 1-11. 
Roger, A. (1999). Freeze Concentration in Hazardous Wastewater Management, The 
Challenge: Establishing The Best Hazardous Wastewater Management 
Approach. Techapplication Bulletin  
168 
 
 
Rossell, J. B., King, B. and Downes, M. J. (1985). Composition Oil. Journal of The 
American Oil Chemists' Society. 62 (2), 221-230. 
Sánchez, J., Hernández, E., Auleda, J. M. and Raventós, M. (2011). Freeze 
Concentration of Whey in a Falling-Film Based Pilot Plant: Process and 
Characterization. Journal of Food Engineering. 103 (2), 147-155. 
Sánchez, J., Ruiz, Y., Raventós, M., Auleda, J. M. and Hernández, E. (2010). 
Progressive Freeze Concentration of Orange Juice in a Pilot Plant Falling Film 
Innovative Food Scince and Amp; Emerging Technologies. 11, 644-651. 
Shapiro, J. (1961). Freezing-Out, a Safe Technique for Concentration of Dilute 
Solutions. Journal of Science. 133, 2063-2064. 
Shirai, Y., Wakisaka, M., Miyawaki, O. and Sakashita, S. (1999). Effect of Seed Ice 
on Formation of Tube Ice with High Purity for a Freeze Wastewater Treatment 
System with a Bubble-Flow Circulator. Water Research. 33 (5), 1325-1329. 
Siew, W.-L. and Ng, W.-L. (1996). Crystallisation Behaviour of Palm Oleins. Elaeis, 
PORIM. 8, 75-82. 
Siew, W. (2000a). Analysis of Palm and Palm Kernel Oils. In Basiron, Y., Jalani, B. 
& Chan, K. (Eds.), Advances in Oil Palm Research. Malaysia Palm Oil Board, 
Malaysia. 
Siew, W. (2000b). Characteristics of palm olein from elaeis guineensis palm oil. 
Malaysian Palm OIl Board (MPOB). 23, 1-12. 
Siew, W. L. (2007). Palm Oil Fractionation. Malaysia Palm Oil Board (MPOB). OFI 
Middle East.  
Siew, W. L., Tang, T. S. and Tan, Y. A. (1995). Methods of Test for Palm Oil and 
Palm Oil Products. PORIM Test Methods. 
Stuart, C. P., Richard, P. V. and Charles, R. C. (1997). Process Optimization Using 
Design of Experiments. Pharmaceutical Technology. 1-7. 
Sundram, K. (1991). Palm Oil :Chemistry and Nutrition Updates. Malaysian Palm OIl 
Board (MPOB).   
Sundram, K., Hornstra, G., v.Houwelinge, A. C. and Kester, A. D. M. (1992). 
Replacement of Dietary Fat with Palm Oil: Effect on Human Serum Lipid, 
Lipoprotwins and Apolipoproteins. British Journal of Nutrition. 68, 677-692. 
Swe, P. Z., Che Man, Y. B., Ghazali, H. M. and Wei, L. S. (1994). Identification of 
Major Triglycerides Causing the Clouding of Palm Olein. Journal of The 
American Oil Chemists' Society. 71 (10), 1141-1144. 
169 
 
 
Thiagarajan, T. (1989). Refining and Fractionation of Palm Oil. Proceedings of the 
1989 Palm Oil Familiriazation Programme. 13-22 September. BBB, Malaysia,  
Thijssen, H. A. C. (1974). Freeze Concentration. In Wiley, A. S. J. (Ed.), Advances in 
Preconcentration and Dehydration of Food. New York. 
Timms, R. E. (1994). Physical Chemistry of Fats. In Moran, D. P. & Rajah, K. K. 
(Eds.), Fats in Food Products. (pp. 1-27). Blackie A&P,  London, Glasgow, 
New York, Tokyo, Melbourne, Madras. 
Timms, R. E. (2005). Fractional Crystallisation – the Fat Modification Process for the 
21st Century. European Journal of Lipid Science and Technology. 107 (1), 48-
57. 
TNB Tariff, http://www.tnb.com.my/business/for-commercial/pricing-tariff.html  
(2013). 
Toyokura, K., Hirasawa, I., Wintermantel, K. and Wellinghoff, G. (1995). 
Crystallization from the Melt. In Mersmann, A. (Ed.), Crystallization 
Technology Handbook. Marcel Dekkar, Inc. 
van Putte, K. and Bakker, B. (1987). Crystallization Kinetics of Palm Oil. Journal of 
The American Oil Chemists' Society. 64 (8), 1138-1143. 
Wakisaka, M., Shirai, Y. and Sakashita, S. (2001). Ice Crystallization in a Pilot-Scale 
Freeze Wastewater Treatment System. Chemical Engineering and Processing: 
Process Intensification. 40 (3), 201-208. 
Wallert, C., Marquardt, W., Leu, J. T. and Strube, J. (2005). Design and Optimization 
of Layer Crystallization Processes. In Luis, P. & Antonio, E. (Eds.), Computer 
Aided Chemical Engineering. (Vol. Volume 20, pp. 871-876): Elsevier. 
Wellinghoff, G. and Wintermantel, K. (1991). Melt Crystallisation-Theoretical 
Prerequisites and Technical Limits. Chemie Ingenieur Technic. 63, 881-891 
(German). 
Wijngaarden, L. M. and Hiemstra, N. M. (2011). Retrieved on from 
http://www.freepatentsonline.com/y2011/0052781.html 
Young, F. (1985). Interchangeability of fats and Oils. Journal of The American Oil 
Chemists' Society. 62 (2), 372-376. 
Yusoff, M. S. and Thiagarajan, T. (1993). Refining and Downstreaming Processing of 
Palm and Palm Kernel Oil. Selected Readings on Palm Oil and Its Uses. 150-
174. 
170 
 
 
Zhang, Z. and Hartel, R. W. (1996). A Multilayer Freezer for Freeze Concentration of 
Liquid Milk. Journal of Food Engineering. 29 (1), 23-38. 
 
 
 
 
 
 
